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ST. LOUIS
CAMBRIDGE, MASSACHUSETTS / SEPTEMBER 11-13,1974 a. Mechanical efficiencies a r e calculated f o r a human doing work in a standing and stooping cycle while enclosed i n a c a g e . An unsteady f o r c e is g e n e r a t e d which does useful work in oscillating the cage on its suspension s y s t e m . Such a v e r t i c a l pumping motion h a s been proposed for a man-powe r e d o r n i t h o p t e r . The t h e o r e m of v i r t u a l work p r o v i d e s the efficiency e x p r e s s i o n . tion r e v e a l s that s q u a r e wave f o r c e exitation is m o r e efficient than sinusoidal o r t r i a n g u l a r . sign c u r v e s show Some unexpected r e q u i r e m e n t s f o r matching man and m a c h i n e , and v e r y poor efficiency i f c a r e i s not taken. g r a v i t y and human inability to s t o r e e n e r g y in unloading portions of the cycle. A spring-dashpot suspension allows e f f i c i e n c i e s of u p to 88% in c a s e s involving sinusoidal exitation. A freely-floating suspension (the flight situation) allows only 64% efficiency f o r h a r m o n i c exitation. Some i m p r o v em e n t can be m a d e by adding toe s t r a p s to the human a n d f o r by forcing the cage in a s q u a r e wave. The novel f e a t u r e , making t h i s work differ f r o m o r d in a r y vihration w o r k , i s the "switching" logic needed to distinguish loading and unloading portions of the c y c l e . bW v i r t u a l work bWhuman i n t e r n a l work by human during v i r t u a l displacement c i r c u l a r f r e q u e n c y % n a t u r a l f r e q u e n c y of c a g e alone v Z E Introduction Humans u s e r o t a r y and r e c i p r o c a t i n g c y c l e s of motion in m a n y work and play situations including rowing b o a t s , riding bicycles and bouncing on t r a mpolines. P o w e r production and efficiency of s o m e kinds of motion have been carefully studied, e s p cc i a l l y the r o t a r y motion u s e d i n pcdalling a bicycle o r flying a man-powered lane and p a r t i c u l a r l y i n t h e B r i t i s h l i t e r a t u r c . ( l ) 8 -) In 1972, G r a n t Smith p r o p o s e d a rigid wing ornithopter propelled by a pilot moving in a standing and stooping c y c l e withi n thc fuselage. ( 3 ) It was believed that t h i s i s a highly efficient method of t r a n s m i t t i n g e n e r g y to the f u s e l a g e and then to the a i r s t r e a m . The q u e stion of how efficiently f n e r g y can in fact be t r a n sm i t t e d f r o m pilot to f u s e l a g e in such a caged s i t u ation i s by no m e a n s t r i v i a l , however, and m a y bc t h c c r i t i c a l p a r t of the power cycle.
Analog simula-

De-
The p u r p o s e of this p a p e r is to sludy the efficency and power gencyation of a "caged" human being moving i n a v e r t i c a l . closcd cycle of m o t i o n . The d i r e c t application is to man-powered flight, but a g e n e r a l a p p r o a c h will be taken in t e r m s of t h e suspension of the cage s o tliat other m a n l c a g e situations can b e c o v e r e d .
The human i s enclosed in a rigid cage and isolated from thc outside world ( F i g u r e 1 ) . The cage position x ( t ) and the h u m a n ' s c . g . y ( t ) a r e m e a s u r e d f r o m a n i n c r t i a l f r a m e . T h e c x t e r n a l f o r c e on the cage would be found f r o m thc a i rc r a f t ' s stability d e r i v a t i v e s o r f r o m a given s u s . pension s y s t e m . F i g u r e 1 . Man in Caged Situation T h e novel thing making this p r o h l c m d i f f e r e n t f r o m a s t a n d a r d vibralion problem i s that the hum a n does work in a i r r e v e r s i b l e way. He cannot a h s o r h work on the portions of the cycle where the c a g e and g r a v i t y do work on him (the so called "unloading" p o r t i o n ) . The cage and gravity can accelerale the human and c r c a t e kinetic e n e r g y , but a n y portion of a leg s t r o k e where cagr f o r c e s and gravity tend to f u r t h e r t h i s s t r o k c m u s t r e l e a s e e n e r g y in h e a t . Onc m u s t b e c a r e f u l in analyzing t h e cycle. t h e n , to not consider t h i s component of work a s u s e f u l mechanical e n e r g y .
The r o l c of g r a v i t y i s important i n this study. Gravity c a n c a u s e a l o s s of efficiency because i t c r e a l e s a dead weight which m u s t be cycled through all motion. G r a v i t y n e v c r does any net w o r k o v e r a c l o s e d c y c l e , but provides a b i a s f o r c e which d o e s affect the division of the cycle into loading and unloading p o r t i o n s , r e a l i z e d that gravity r e p r e s e n t s a l o s s t e r m in hum a n motion. s u c h a s running a r a c e , and c a n a ccount for the portion of energy l o s t \when a v e r t i c a l c y c l i c motion i s p e r f o r m e d on a h a r d s u r f a c c . ( l ) G r a v i t y ' s r o l e in the m a n t c a g e combination i s m o r e s u b t l e , h u t s t i l l m u s t be r e g a r d e d a s the chief culp r i t i n the e n e r g y l o s s Physiologists a n d e n g i n e e r s havc
Equations of Motion
A s s u m e that the m a s s of the human i s concent r a t e d a t his c.s., and that the loading p a s s e s e n t i r e l y through his l e g s . valid if hand supports a r e a v a i l a b l e , but i s conccptually e a s i e r without t l r r m . ) h e r e i s periodic because h e s t m e a s u r c s of e n e r g y production and efficiency of operation a r e dcrivcd f r o m ii closed cycle of motion.
(The a n a l y s i s i s a l s o
The motion studied Forces due to cage s u s p e n s i o n , whcthrr m cchanical or a n aerodynamic equivalent for unsteady m o t i o n , will be 7 ( x , i , 2 ) = cX t ku. Any a p p a r e n t m a s s e f f e c t s due to fluid f o r c c s on the r a g e would b e included in the cage i n e r t i a l t e r m M2. 
The steady s t a t e , o s c i l l a t o r y solutions to t h e s e equations a r e e a s i l y found.
Efficiency
The s y s t e m efficiency will be a t f i r s t defined in p u r e l y mechanical t e r m s . Efficiency i s the r a t i o of useful m e c h a n i c a l work done by the human on the cage to the t o t a l m e c h a n i c a l ujork donc by the hum a n . Work i s defined in r e f e r e n c e to the i n e r t i a l f r a m c .
The u s e f u l w o r k donc by the m a n on the cage p e r cycle i s One might be tempted to include a s u s e f u l work that which the m a n does a g a i n s t g r a v i t y , on the grounds that i t will be r e t u r n e d to the cage a t somc l v t c r t i m e in the cycle. This i s fallacious b e c a u s e all work done by the m a n on the cage m u s t be a c c o mplished through h i s legs (his only point of c o n t a c t ) a n d i s hence a l r e a d y included in Equation 3 .
The t o t a l m e c h a n i c a l work done by the m a n can b e s t h e seen by applying thc principle of v i r t u a l work and D l A l e m b e r t ' s p r i n c i p l c . Considcr the h u m a n , acting upon by gravity and t h e c a g c , d u r i n g a virtual d i s p l a c e m e n t . bW = 6W t m g hy -mj; by -F ( t ) Gx = 0 (4) human The i n t e r n a l work 6Whuman m u s t b r supplicd to maintain the e n e r g y balance at anj. i n s t a n t . docs not include a n y wasted e n e r g y ( c . g . , blood c i r c u l a t i o n , flapping a r m s ) that does not contrihutc to v e r t i c a l cquilibrium Adding f o r c e c q u i l i b r i u m ,
In r e t r o s p e c t , t h i s e n e r g y a r g u m e n t gives @he corrcct r e s u l t s , s i n c e the work i n c r e m c n t (as seen by the human) i s logically the f o r c e in his legs t i m e s the extension of his I c g s . i s done a g a i n s t gravity a s w~l l a s a g a i n s t the r a g c T h e r e is a problem of i n t e r p r e t a t i o n if the i nc r e m e n t of w o r k in Equation 5 is negative loading and unloading portions of the cycle depend on the signs of the f a c t o r s :
Note that t h i s work
T h e l a t t e r two c a s e s c o r r e s p o n d to tension i n the l e g s and a r e obtainable only if s t r a p s hold the feet to the f l o o r . no penalty to the s y s t e m during the unloading c y c l e , s i n c e the human does no m e c h a n i c a l work in r ejecting the h e a t . ting cycle with a r o t a r y pedalling cycle (which usually h a s no unloading s t r o k e ) , one might want to include a biological penalty f a c t o r f a r m a k i n g the human p a s s through an unloading portion of a c y c l e . This could be done by defining the total human work on a cycle a s In p u r e l y m e c h a n i c a l t e r m s , t h e r e i s When c o m p a r i n g this r e c i p r o c a -
w h e r e the c u r l y b r a c k e t s a r e defined for a n a r b it r a r y function:
A choice of biological factor c = 0 . 3 3 , then allow a f a i r e r c o m p a r i s o n betu,een t h e c u r r e n t c y c l e and a r o t a r y cyclc. human e x p e r i m e n t s should be run an the v e r t i c a l r e c i p r o c a t i n g cycle to find the t r u e physiological penalty for unloading. T h i s would r e d u c e , for i ns t a n c e , the useful long t i m e horsepowcr output of a h u m a n , which i s approximately 0 . This e x p r e s s i o n is evaluated analytically for s i n e wave f o r c i n g and by analog simulation for s i n e , s q u a r e and l r i a n g l e forcing.
Analysis of Spring-Dashpot S y s t e m
Consider the s y s t e m of F i g u r e 1 w h e r e both s p r i n g and dashpot e x t e r n a l forces a c t . A h a r m o n i c forcing function f ( t ) = s i n w t is chosen. The o s c i l l at o r y . steady s t a t e solutions of Equations 1 and 2 a r e d e s i r e d . T r a n s i e n t s and static deflections a r e neglected. T h e solution is s i m p l y x ( t ) = X s i n (wt -9 ) (91 a n d y ( t ) = Y s i n w t (101 w h e r e (13) (141 Note that the cage motion x ( t ) l a g s the force f ( t ) by angle $ and the human c . g. y ( t ) i s in p h a s e with the force (by virtue of the opposing sign conventions choscn for F ( t ) and y ( t ) 1.
T h e velocity difference x -y a p p e a r s in the A none x p r e s s i o n f o r w o r k done by the human. dimensional velocity d i f f e r e n c e i s defined . . X-Y = B s i n ( u t -a ) X a n d e i s s e e n as the phase angle by which the l e g expansion x -y l a g s the f o r c e . T h i s angle plays a very i m p o r t a n t role in the e f f i c i e n c y r c s u l t s . F r o m Equations 8 -1 2 , one finds
Using the dynamic results above. one c a l r u l a t c s the useful work p c r cycle
The total human work per c y c l e r e q u i r e s s o m e a l g e b r a i c w o r k . 1 . 0 . h o w e v e r . the cycle c o n s i s t s of only one loading a n d onc unloading portion a n d t h e intcgration is t r a c t a h l c . The c a s e l?/mg 2 1 . 0 will not he a t t e m p t e d analytically.
By limiting the forcing to F / m g < _c ( W h u m a n / m g X ) = 2 ( 1 t c ) B t ( I -c ) R ( F l m g ) s i n a ( 2 2 )
The sinusoidal cycle efficiency for F / m g < 1 . 0 i s
which can be viewed as (25) The prohlem h a s been solved to this Hcnce v e r y light damping and s p r i n g f o r c e s w e r e incorpor a t e d to stabilize t h e position of t h e human. values of the damping and s p r i n g constants employed w e r e approximately . 1 l h l i t l s e c a n d . 
gration was g r e a t e r than two hundred t i m e s the c h a r a c t e r i s t i c period of oscillation of the s y s t e m .
A l s o , a l l t r a n s i e n t s w e r e allowed to d e c a y out b ef o r e a n y efficiency m e a s u r e m e n t s w e r e p e r f o r m e d .
F o r those analog r e s u l t s which can be d i r e c t l y G e n e r a l l y , the period o f i n t ec o m p a r e d with digital calculations (f(t) = s i n wt, F l m g < l.O), a g r e e m e n t within 2%was typically found. Thus t h e analog r e s u l t s can he c o n s i d e r e d a s a check on the digital calculations as well a s a m e a n s of extending f ( t ) to nonharmonic c a s e s .
N u m e r i c a l R e s u l t s f o r the Spring-Dashpot System
In spite of the simplicity of the d y n a m i c a l s y st e m , the efficiency e x p r e s s i o n , Equation 25, shows complex dependence on s o m e of i t s p a r a m e t e r s , notable w / o n and 5 , Apparently the "switching" behavior i n the denominator of the efficiency exp r e s s i o n c a u s e s the i n t e r e s t i n g r e s u l t s .
A . R e f e r e n c e C a s e R e s u l t s will he p r e s e n t e d in detail f o r a r e f c rThis c a s e will b r i n g out The ence; or b a s c l i n e , c a s e .
the complexity of the w l w n and 5 dependence. 
t r a l i g h t a i r c r a f t . The biological penalty f a c t o r i s s e t a t z e r o , concentrating attention
on the m e c h a n i c a l a s p e c t s of the p r o b l e m .
F i g u r e 3 is a contour c h a r t showing constant elevation lines of e f f i c i e n c y . e f f i c i e n c y reached for this baseline c a s e is 88%, o c c u r r i n g a n a h o r s e s h o e shaped c u r v e . F o r a given c a g e l m a n configuration, a t low damping, t h e r e are two frequencies f o r which efficiency i s m a x i m u m . Thc lower i n t e r c e p t of this c u r v e on the o r d i n a t e c o r r e s p o n d s to r e s o n a n c e of the c a g e and m a n lockcd togcther and moving in phase o n the s p r i n g s u p p o r t a t w = m, cept i s thc r e s o n a n c e of the cage alone on the s u p p o r t ut w =-( L a t e r calculations will show that the higher branch of tlic h o r s e s h o e i s not physically obtainablc f o r a human i n a ultralight a i r c r a f t . )
The p h a s e angle a is 90° a t a l l points on this optim u m efficiency h o r s c s h o e , and this a p p e a r s l o bc the g e n e r a l c r i t e r i o n for m a x i m u m efficiency. Elevation c o n t o u r s f a r l e s s than . 5 0 effiency a r e not given in t h i s f i g u r e .
The m a x i m u m
The upper i n t e r -T o , s t u d y the r e f e r e n c e c a s e f u r t h e r , cuts of thc cfficiency s u r f a c e will he niadc p a r a l l e l to the frequency a n d damping a x e s . F i g u r e s 4 and 5 a r e Having developed s o m e intuition about the efficiency s u r f a c e for the r e f e r e n c e c a s e , one c a n now do p a r a m e t e r s t u d i e s . F i g u r e 7 indicates t h a t F i g u r e 7 . C o m p a r i s o n of Sinusoidal, S q u a r e , and T r i a n g u l a r F o r c i n g Functions. (E = 0 , 5 = 1 . 0 , w / w n i_ I , M / m = 0 , 3 3 3 3 ) .
Analog Computer R e s u l t s . J ,,: i v o wave is the m o s t efficient forcing func-: / ! , S i i i e wave next and t r i a n g u l a r wave l e a s t ,il. 'I'his s e e m s to b e the g e n c r a l r u l e , with . , l i t i u~ exceptions w h e r e the s i n e and s q u a r e I O Y U I .~~ positions of s u p r e m a c y . F i g u r e 7
,~, ,~w~ that l a r g e F/mg c a~~e s high efficiency. l,,>,.hne that a s the unsteady f o r c e in the i.A':i legs tends to dominate the gravitational tlitl cycle becomes m o r e efficient. G r a v i t y I , < , viewed a s the loss f a c t o r . If t h i s cyclic , J~B w e r e done in a horizontal plane, one would (The s q u a r e wave m a y not r e a c h this l i m i t . )
.,., L.'/mg -C Q with q -. 1. 0, a t l e a s t f o r the s i n e , >, . . 'The biological penalty factor E i s studied in (,ut-e 8 . It h a s a n a d v e r s e affect on s i n e , s q u a r e , 1 J t r i a n g u l a r (not shown) c a s e s , with a monotonic .,,,:rease in efficiency a s E is r a i s e d . .6
.8
1. 0 1.2
DAMPING RATIO, 5
F i g u r e 8 . Effect of P e n a l t y F a c t o r E on S q u a r e a n d Sine Wave C a s e s . The r e m a i n i n g p a r a m e t e r is m a s s r a t i o M / m . It will h e studied through its e f f e c t on the optimum efficiency c o n t o u r , in the ncxt section. = 0 , 7 9 8 8
It was e a r l i e r found that the optimum value of n , and hence q m a x , was obtained on the h o r s e s h o e shaped c u r v e in F i g u r e 3 . changed, the s a m e qmax = 0 . 7 9 8 8 i s obtainable, but on a different f r e q u e n c y h o r s e s h o e . F i g u r e 9 c o n s i s t s of a family of h o r s e s h o e c u r v e 5 a s would be found from efficiency elevation c h a r t s f o r d i f f e r e n t mass r a t i o s . D. S c a l i n g~o f S y s t c m to Fluman Capahilitics F o r a h u m a n , the half s t r o k c S has a n u p p e r l i m i t of roughly I , 5 fcet a n d any cycle requiring motion g r e a t c r than this i s u n r c a l i z a b l e . A l s o , the human i s l i m i l r d to powcr output of less than 1 5 0 0 w f t l h l s e c , cvcn for s h o r t p e r i o d s of t i m e . Again, c y c l c s calling for more powcr than t h i s a r e nnattaina b l c .
A s s u m e a human weight of 1 5 0 lh. and a f r equency of operation of 1 cps. s t r o k e r e q u i r e d r a n he calculated f o r the r e f e r e n c e c a s e ( F i g u r c s 11, 1 2 ) . Useful power generated is Power gencration and 0.2 0 p r e s c n t e d , r a t h e r than total human power g e n e ra t e d . forhiddcn a r e a for reasons of both power and s t r o k c r e q u i r e d . Combining r c s u l t s of F i g u r e s 3 , I 1 and 12, onc can see that f o r continuous power output in the h a l f -h o r s e p o w e r r a n g e , the h u m a n l c a g e s y s t e m with s p r i n g -d a m p e r suspension should o p e r a t e in the vicinity of 5 = 0 . 4 and w / w n = 0 . 5 5 -0 . 7 0 . This also allows a range o f h o r s e p o w e r and s t r o k c a t efficiencies n e a r 88%.
ciency only by using toe s t r a p s (and negativr g loading) while trying to excite the c a g e u,ith a s q u a r e wave leg f o r c e , both of which would he u ncomfortable over a period of t i m e . T h e s e e x t r ao r d i n a r y m c a s u r e s would be u s e d only to i m p r o v e efficiency and would not i m p r o v e power o r s t r o k e c h a r a c t e r i s t i c s .
The a r e a n e a r w / w n = 1 . 0 and 5 = 0 i s a O n e could b e t t e r this e f f i -
Freely Floating Ca=
All work to t h i s point h a s dealt with a cage s u s p e n s i o n containing a s p r i n g . vehicle such as the p s e u d o -o r n i t l~o p t e r ( 3 ) t h e r e is no s p r i n g , although t h e r e w i l l be a p p a r e n t m a s s a n d equivalent viscous damping f o r c e s , c a g e s u s p e n s i b n , and r e a n a l y z e the s y s t e m , one T h e c a g e i s too "soft" for the h u m a n . T o o p e r a t e a t peak e f f i c i e n c y at wM/c = 0 . 5 , the human would have to u s e a half s t r o k e of I . 6 2 ft. which is not a t t a i n a b l e . This means operating a t s m a l l e r s t r o k e with slightly l e s s e r efficiency. N e v e r t h e l e s s , the cycle does u s e f u l w o r k , and figu r e s such a s 1 3 and 14 can be u s e d to optimize p e rf o r m a n c e f o r the individual involved.
o p e r a t i n g frequency is w = 0 . 5 c / M and so the num e r i c a l value of c , the equivalent v i s c o u s damping coefficient should b e found e a r l y in the design c y c l e .
The b e s t
Conclusions
A complete a n a l y s i s h a s been done for the d y n a m i c s and efficiency of a man p e r f o r m i n g a v e r t i c a l work cycle in an enclosed c a g e . w a s given a n idealized s u s p e n s i o n , which in the f r e e l y floating c a s e i s r e l a t e d to the flight of a n a i rplane. man was the only difficult p a r t of the formulation, with due c a r e taken to handle the unloading portions of the m e c h a n i c a l c y c l e . a b l e s d e s c r i b i n g the cyclic p r o c e s s a r e now well defined. s t a t e d in purely m e c h a n i c a l t e r m s , o r the viewpoint c a n be slightly e n l a r g e d to include a biological penalty f a c t o r f o r requiring the human to u s e a c y c l e with unloading s e g m e n t s .
T h e c a g e to g r a v i t y and the inability of the human to s t o r e e n e r g y during unloading portions of the c y c l e . T h e efficiency depends in a n involved way on the o p e r ating f r e q u e n c y a n d the damping of the cage s u s p e nsion. e f f i c i e n c y . c r . e a s e s efficiency. a l m o s t a l l c a s e s m o r e efficient and sine wave i s always b e t t e r than t r i a n g u l a r exitation.
T h e s e a r e due , I n c r e a s i n g the f o r c e r a t i o F / m g i n c r e a s e s I n c r e a s i n g the penalty f a c t o r c deSquare wave exitation is in than sine wave, Optimum efficiency is r e a c h e d when the leg For a given cage suspension with low f o r c e f ( t ) leads the leg extension x ( t ) -y ( t ) b y 90°.
damping, r a t i o 5, this condition i s m e t a t two f r eq u e n c i e s . of the human and cage locked togethcr a n d o s c i l l ating on the s p r i n g . The h i g h e r ' c o r r e s p o n d s tc the c a g e alone resonating on thc s p r i n g . Operation a t t h e higher frequency i s not attainable for humans b e c a u s e of the l a r g e s t r o k e and power r e q u i r e m e n t s 0pe.ration a t neither of these r e s o n a n t f r e q u e n c i e s i s attainable f o r the f r e e flight c a s e . making it l e s s efficient.
The lower c o r r e s p o n d s to the r e s o n a n c e
An earth-bound m a n / c a g e s y s l c m can o p e r a t e a t up to 88% efficiency i n a r e a l i s t i c situation using sinusoidal forcing and no toe s t r a p s . The c o m p a rable-c a s e f o r the flight vehicle yields 64% e f f i c i e n c y .
(Neither c a s e is h e r e penalized for the t i r i n g effect of the unloading portions of the cycle. ) The lower efficiency o f the flight vehicle poses a difficult challengc to the p r a c t i c a l i t y of rigid wing ornithopt e r flight F?r the caged human, e f f i c i e n c i e s v a r y wide--ly with o p e r a t i n g conditions. It i s v e r y i m p o r t a n t to m a t c h the c h a r a c t e r i s t i c s o f human and machine using the d y n a m i c s considerations d i s c u s s e d h e r e . R e f e r e n c e s 1 . Wilkie, D . R . , "Man a s a n A e r o Engine,"
J o u r n a l of the Royal Aeronautical Society, Vol.
6 4 , August, 1960, pp. 447-481. 2 . Nonweiler, T . R . F . , "The M a n -P o w e r e d A i rc r a f t , " J o u r n a l of the Royal Aeronautical Society, Vol. . -I
